Introduction {#sec1-1}
============

The peripheral nerve is typically injured by crushing or stretching. Such traumatic neuropathy is usually the consequence of minor traffic accidents, injuries in the workplace, or accidents in the home. Despite advances in medical intervention, traumatic neuropathy is frequent and often has poor prognosis (Ciaramitaro et al., 2010). Trauma created by an operation, called iatrogenic injury, occurs after surgery on the nerve, for example, sciatic nerve injury following hip prosthesis. Traumatic neuropathies are most frequent in young males after traffic accidents, and the quality of life for such patients is worsened.

Evening primrose oil (EPO), which is extracted from *Oenothera biennis L*., is being used in increasing amounts in nutritional and pharmaceutical preparations. A previous study has shown that EPO intake is effective in improving atopic dermatitis and diabetic neuropathy, and EPO may alleviate the chronic disease state (Fan and Chapkin, 1998). EPO is enriched with gamma-linolenic acid (GLA), linolenic acid (LA), and omega 3. In a sample of EPO that was analyzed by the gas chromatography method, approximately 68% GLA was observed (**[Table 1](#T1){ref-type="table"}**). Essential fatty acids, such as GLA and LA, play a major role in nerve structure, and they could be useful in the anti-inflammatory mechanisms for autoimmune disease and neuropathy (Keen et al., 1993). Existing evidence demonstrates that GLA can normalize nerve conduction velocity (NCV) and sciatic endoneurial blood flow (Dines et al., 1995).
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An injury that influences axons initiates a high degree of depolarization, which travels back to the soma. Vigorous spiking activity is then triggered, sustaining depolarization that initiates signaling pathways for axon regeneration. Thus, electrical activity plays an important role after an injury to the peripheral nervous system (PNS). Previous studies have shown that electrical stimulation (ES) facilitated peripheral nerve recovery in rats after a crush injury (Al-Majed et al., 2000a; Lal et al., 2008). The low intensity of ES increased the expression of brain-derived neurotrophic factor and improved nerve regeneration (Zhang et al., 2013). One study showed that ES could improve diabetic neuropathy (Yao et al., 2012), and Lu et al. (2008) determined the positive and negative effects of ES on neural improvement after a crush injury. In the abovementioned studies, choosing the best pattern for the stimulation of the nerve made it a challenge to avoid any side effects and to achieve the most effective impact. Subthreshold electrotonic stimulation was used in the current study to minimize the side effects of ES on nerve regeneration.

In this study, we investigated the effects of EPO in combination with ES on nerve function and histological changes following a sciatic nerve injury.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Thirty-six healthy adult male Wistar rats weighing 200--250 g were used in the present study. The rats were maintained in groups of six per cage in a 12-hour light-dark cycle at a controlled ambient temperature (22 ± 0.5°C) with free access to food and water. All experiments were conducted between 12:00 and 19:00. All research and animal care procedures were approved by the veterinary ethics committee of Tabriz University of Medical Sciences, Iran (approval number: 93/1-1/1) and were performed according to the National Institutes of Health Guide for the care and use of laboratory animals.

Chemicals {#sec2-2}
---------

The chemicals used in the present study, including EPO, were purchased from Barij Essence Pharmaceutical Co., Kashan, Isfahan, Iran.

Treatment groups {#sec2-3}
----------------

All included rats were randomly divided into the following six groups (*n* = 6 in each group):

(1)Normal control (control) group: Rats were intact and received no intervention.(2)Sham-surgery group: The sciatic nerve was exposed, but it was not crushed.(3)Injury group: The sciatic nerve was exposed and then crushed, but rats received no intervention.(4)Injury + EPO group. Rat sciatic nerve was exposed and EPO (450 mg/kg, intragastrically) was administered for 4 weeks.(5)Injury + ES group: Rat sciatic nerves were exposed and crushed. Polydimethylsiloxane (PDMS)-covered stimulation electrodes were implanted 2 mm away from the injury site and left *in situ*. The injured sciatic nerves were daily stimulated by the implanted electrodes connected to the WinLTP system (version 2.1; WinLTP Ltd., Bristol, UK) using the stimulation parameters including 0.1 ms duration, 20 Hz frequency, 60 μA intensity, 1 hour per day for 4 weeks.(6)Injury + EPO + ES group: Rat sciatic nerves were exposed and crushed. Rats received both intragastrical administration of EPO and ES treatment for 4 weeks.

Surgery {#sec2-4}
-------

Rats were anesthetized by intraperitoneal injection of ketamine (60 mg/kg) and xylazine (10 mg/kg). The area above the left lower thigh was shaved and sterilized with betadine. An incision (2 cm) was made over the lateral aspect of the hind limb, and the muscle was separated in order to expose the sciatic nerve. The nerve was crushed at 0.5 cm proximal to its trifurcation point using small haemostatic forceps, and the jaw was covered with Teflon tubing to provide a smooth surface. Then, the nerve was crushed for 60 seconds with an estimated pressure of 0.5--1 kg/mm^2^, as determined by a dynamometer (Lutron Digital Force Gauge, USA). The crushed zone was approximately 2--3 mm^2^, and it was uniformly transparent for several minutes thereafter (Tamaddonfard et al., 2013). The muscle layers were re-approximated using 4/0 chromic gut sutures, and the skin was closed with 3/0 silk sutures.

Sciatic functional index (SFI) {#sec2-5}
------------------------------

Evaluation based on the SFI was performed one day before the surgery and on days 7, 14, 21, and 28 following the surgery. The rats were held by the chest, and their hind paws were pressed down onto a water pad. Then, the rats were immediately allowed to walk along a confined walkway, 7.5 cm wide by 60 cm long, with a dark shelter at the end of the corridor, leaving their footprints on paper that was dipped in a solution of bromophenol blue, which was yellow when it was dry and blue when it became wet (Lowdon et al., 1988). Each animal was individually trained to walk on the track before the footprints were recorded. Once the rats were able to walk quickly toward the shelter, their hind paws were soaked in water, and they were allowed to walk on the strip of previously prepared paper.

The following measurements were taken from the footprints: (1) the distance from the heel to the third toe, that is, the print length (PL); (2) the distance from the first to the fifth toes, that is, the toe spread (TS); and (3) the distance from the second to the fourth toes, that is, the intermediary toe spread (ITS). All three measurements were taken from the experimental (E, undergoing sciatic nerve crush) and normal (N) limbs. The three factors that comprised the SFI scores were calculated as follows: (1) print length factor (PLF) = (EPL − NPL)/NPL; (2) toe spread factor (TSF) = (ETS − NTS)/NTS; (3) intermediary toe spread factor (ITF) = (EIT − NIT)/NIT. Using these data, the SFI scores, which indicated the differences between the injured and the intact contralateral paws, were calculated by the following formula (Bain et al., 1989): SFI = --38.3\[(EPL--NPL)/NPL\] + 109.5\[(ETS--NTS)/NTS\] + 13.3\[(EIT--NIT)/NIT\]--8.8.

SFI analysis was determined as follows: an SFI that equaled --100 indicates significant impairment whereas an SFI oscillating around 0 showed normal function.

Histopathological evaluation {#sec2-6}
----------------------------

At 28 days after sciatic nerve injury in all groups, the sedated rats were euthanized, and the injured segments of the sciatic nerve and gastrocnemius muscle were removed and fixed in 10% formalin in buffered saline. The formalin fixed muscle was routinely processed for paraffin embedding, while thin (4--5 μm) transverse sections from the muscle were cut and stained with hematoxylin and eosin (H&E) for light microscopic observations. The evaluation of gastrocnemius muscle atrophy severity was based on pathological changes on a scale from normal (0) to severe (3) (Tamaddonfard et al., 2013).

Immunohistochemistry {#sec2-7}
--------------------

Protein zero (P0) is a marker for PNS myelination (Li et al., 2010). At 28 days after re-exposing the sciatic nerve, the nerve specimens were dissected and fixed in 10% formalin for 12 hours. The tissue samples were embedded in the paraffin and cut into 5-μm thick sections. The slides were allowed to dry for 1 hour at room temperature, followed by 1 hour in an incubator at 60°C. After deparaffinization and rehydration, the slides were washed with the distilled water. Then, the slides were covered for 5 minutes with 3% H~2~O~2~ to block endogenous peroxidase.

Antigen retrieval was achieved by steaming the tissue sections in a citrate buffer for 20 minutes (BioGenex antigen retrieval citra). Non-specific immunoreaction was blocked, and the sections were incubated for 1 hour at room temperature and washed three times by the PBS buffer. Then, the sections were incubated with the primary antibody overnight at 4°C. As a primary antibody, anti-rat myelin P0 (Abcam, 1:100 dilution) was used as the myelination marker of the PNS for all groups. Horseradish peroxidase (HRP)-conjugated goat and anti-rabbit IgG was added to the sections as a secondary antibody at 25°C for 1 hour. After that, the diaminobenzidine substrate was added, and the slides were dehydrated and analyzed qualitatively (Choi et al., 2005).

Electrophysiological study {#sec2-8}
--------------------------

On the day of the operation and 28 days after that, the animals in each group were subjected to electrophysiological studies using the WinLTP system (UK, Version 2.1). During the test, the rats' body temperature was kept between 36.5--37°C. After the intraperitoneal injection of ketamine and xylazine, the right sciatic nerve was exposed, and the distance between cuff electrodes in between stimulating and recording sites was 3 mm, cuff electrodes were placed around the sciatic nerve (**[Figure 1](#F1){ref-type="fig"}**). All stimulations were conducted by 60 μA and then recorded. Waves were analyzed by the WinLTP system to determine the NCV.

![Cuff electrode with two sites for nerve stimulation and two sites for recording.\
Distance between stimulation and recording sites was 3 mm (A). Sciatic nerve trunk in cuff electrode (B). Crushed sciatic nerve (C).](NRR-12-458-g002){#F1}

Statistical analysis {#sec2-9}
--------------------

All data are presented as the mean ± SEM. The significance of the SFI scores between groups was assessed by one-way analysis of variance (ANOVA) followed by Duncan\'s test for multiple comparisons. Values for the degree of muscle atrophy severity were also analyzed using one-way ANOVA followed by Duncan\'s test for multiple comparisons. Significance at *P* \< 0.05 was receptive in all tests. SPSS 16.0 software (SPSS, Chicago, IL, USA) was used for this analysis.

Results {#sec1-3}
=======

SFI results {#sec2-10}
-----------

There were no post-operative deaths or clinical evidence of wound infections. There was no significant difference in SFI between control and sham-surgery groups. Results belonging to the sham-surgery group are not shown in **[Figure 2](#F2){ref-type="fig"}**. SFI significantly decreased on the first day post-surgery in injury, injury + ES, injury + EPO, and injury + EPO + ES groups. SFI was increased on the last day of the examination compared to that on the first day of the examination in the injury + EPO + ES group, and SFI was significantly higher in the injury + EPO + ES, injury + ES, injury + EPO groups than in the injury group (all *P* \< 0.05; **[Figure 2](#F2){ref-type="fig"}**). There was no significant difference in SFI between injury + ES and injury + EPO groups. The SFI in the injury group was reduced to nearly --100 on day 7 after operation. In contrast, EPO administration in the injury + EPO + ES group significantly altered the SFI in a progressive pattern, but the differences between ES and EPO groups were not significantly different (*P* \> 0.05).

![The effects of evening primrose oil (EPO) and electrical stimulation (ES) on the sciatic functional index (SFI) in rats with crushed sciatic nerves.\
SFI near to 0 shows normal neurological function and SFI near to --100 shows impaired neurological function. Data are presented as the mean ± SEM (*n* = 6), \#*P* \< 0.05, *vs*. control group; †*P* \< 0.05, *vs*. injury group (one-way analysis of variance (ANOVA) followed by Duncan\'s test for multiple comparisons).](NRR-12-458-g003){#F2}

Recovering SFI to the control group level in the injury + EPO + ES group was accelerated than that in the other groups, but difference in SFI between injury + EPO + ES group and injury + ES or injury + EPO group was not significant (*P* \> 0.05).

Gastrocnemius muscle atrophy results {#sec2-11}
------------------------------------

**[Figure 3](#F3){ref-type="fig"}** shows the effects of EPO and ES on muscle atrophy severity in the sciatic nerve induced by a crush injury. In the intact and sham-surgery groups, no muscle atrophy was observed (**Figure [3A](#F3){ref-type="fig"}**, **[B](#F3){ref-type="fig"}** and **[Figure 4](#F4){ref-type="fig"}**). In the injury group, severe atrophy in the gastrocnemius muscle was seen (**Figures [3C](#F3){ref-type="fig"}**, **[E](#F3){ref-type="fig"}** and **[4](#F4){ref-type="fig"}**). However, EPO and ES both produced significant, positive effects on gastrocnemius muscle atrophy (**Figures [3D](#F3){ref-type="fig"}**, **[E](#F3){ref-type="fig"}** and **[4](#F4){ref-type="fig"}**). Combination therapy using EPO and ES and admininstration of ES alone significantly prevented muscle atrophy (*P* \< 0.05) (**Figure [3F](#F3){ref-type="fig"}** and **[4](#F4){ref-type="fig"}**).

![Effects of evening primrose oil (EPO) and electrical stimulation (ES) on gastrocnemius muscle fibers in rats with crushed sciatic nerves.\
Control (A) and sham-surgery (B) groups showed normal muscle fibers. Atrophied muscle fibers were seen in the injury + EPO (D), injury + ES (E), and injury + EPO + ES groups (F). Arrows show atrophied muscle fibers. Hematoxylin-eosin staining (original magnification, × 400).](NRR-12-458-g004){#F3}

![The effects of evening primrose oil (EPO) and electrical stimulation (ES) on gastrocnemius muscle atrophy severity in rats with crushed sciatic nerves.\
Data are presented as the mean ± SEM (*n* = 6). No muscle atrophy was observed in the control and sham-surgery groups. †*P* \< 0.05, *vs*. injury group (one-way analysis of variance followed by Duncan\'s test for multiple comparisons).](NRR-12-458-g005){#F4}

NCV {#sec2-12}
---

On day 28, NCV in the injury + ES, injury + EPO, and injury + EPO + ES groups was statistically different from that in the injury group (*P* \< 0.05). However, NCV was not significantly different between injury + ES and injury + EPO groups on day 28, but NCV in the injury + EPO + ES group was significantly different from that in the injury + ES and injury + EPO groups (*P* \< 0.05). Changes in electrophysiological recordings of the sciatic nerves are shown in **[Figure 5](#F5){ref-type="fig"}**.

![Electrophysiological recordings of NCV of the sciatic nerve.\
(A--G) Electrophysiological recordings of the sciatic nerve in the control group (A), sham-surgery group (B), injury group (C), injury group 28 days after operation (D), injury + EPO group 28 days after operation (E), injury + ES group 28 days after operation (F), and injury + EPO + ES group 28 days after operation (G). (H) Comparison of nerve conduction velocity (NCV; m/s) in each group on days 1 and 28 after operation. NCV on the operation day was undetectable because of crushed injury was induced and signal was not recorded. *N* = 6. Results are the mean ± SEM. †*P* \< 0.05, *vs*. injury group; \#*P* \< 0.05, *vs*. injury + EPO + ES group. EPO: Evening primrose oil; ES: electrical stimulation; NCV: nerve conduction velocity.](NRR-12-458-g006){#F5}

Immunohistochemistry {#sec2-13}
--------------------

On day 28 after operation in the injury + EPO + ES group, the P0 expression zone was extensively visible in cross-sections taken from the midpoint, indicating myelinated axons in the crushed sciatic nerve. In the injury + EPO + ES group, the formation-regenerated axons were similar to those of the normal axons (**[Figure 6](#F6){ref-type="fig"}**).

![Immunohistochemistry analysis of remyelinated nerve distal to the transected site of the sciatic nerve (original magnification, × 400).\
In the control (A) and sham-surgery groups (B), no P0^+^ immunoreactive myelin sheath was observed. In the group treated with evening primrose oil (EPO) (D) or electrical stimulation (ES) (E), some P0^+^ immunoreactive myelin sheaths were observed; further, in the group that received combination therapy with EPO and ES, more P0^+^ immunoreactive myelin sheaths relative to either treatment alone (F). Arrows show P0^+^ myelin sheaths.](NRR-12-458-g007){#F6}

Discussion {#sec1-4}
==========

In the present study, the effects of EPO and ES on the remyelination of the sciatic nerve in adult male rats were evaluated, and our data showed that the combination therapy of EPO and ES accelerated the recovery of nerve function and the histopathological features of the nerve, preventing against gastrocnemius muscle atrophy. A previous study has shown the positive effect of EPO on peripheral nerve conduction in the diabetic rat (Ford et al., 2001). Another study showed that the anti-inflammatory features of an EPO component could modulate the immune system, which was useful for treating patients with multiple sclerosis (Rezapour-Firouzi et al., 2013b). Thus, the effects of EPO administration on nerve injury in the present study were consistent with findings from a previous study (Halat and Dennehy, 2003).

EPO used in this study was enriched with a myelin precursor, which might have accelerated the remyelination process in the crushed sciatic nerve (Rezapour-Firouzi et al., 2013a). There have been conflicting results from previous studies on the effects of ES on injured peripheral nerves (Al-Majed et al., 2000b). Enhanced PNS remyelination, which was in agreement with the results reported by Al-Majed et al. (2000b), was seen by the use of ES in the injury + EPO + ES group in the present study. Yet, several previous studies showed that ES impaired early functional recovery and exacerbated skeletal muscle atrophy after a sciatic-nerve crush injury in rats (Baptista et al., 2008; Lu et al., 2008; Gigo-Benato et al., 2010). Another study revealed that ES promoted axon regeneration at the expense of decreasing the fidelity of muscle reinnervation, resulting in unchanged functional recovery (Hamilton et al., 2011). Based on these findings, the subthreshold ES was more effective for nerve regeneration without negative effects (Gordon et al., 2008; Vivo et al., 2008; Asensio-Pinilla et al., 2009). Since subthreshold ES could preserve the signaling of regeneration in the crushed nerve without the disadvantages of high-intensity stimulation, this pattern was used in the current study for nerve stimulation in the injury + ES and injury + EPO + ES groups. If used in combination therapy, EPO and ES could be complementary interventions that facilitate each other.

As demonstrated in the present study, the signaling of regeneration can be preserved by a subthreshold pattern of ES, and the substances needed for remyelination can be made available for Schwann cells by EPO administration. Also, the results revealed that the use of EPO and ES significantly enhanced peripheral nerve remyelination. Following the crush injury of the sciatic nerve in rats, gastrocnemius muscle weight loss and atrophy were reported (Liu et al., 2007). However, based on our results, EPO in combination with ES produced a protective effect on gastrocnemius muscle atrophy.

The SFI is reported to be a useful tool to determine the functional recovery of the sciatic nerve of rats in experimental groups (Varejão-Silva, 2001). Functional recovery of the sciatic nerve following a crush injury in groups treated with ES and EPO could be determined by SFI measurement. According to our results, EPO and ES administration had positive effects on the functional recovery of crush-injured sciatic nerve. There is evidence that NCV depends on axon diameter, myelination, and intermodal distance (Brown et al., 1991). Despite the damage to a large number of remaining fibers, a nerve might have a few fibers that can still conduct effectively. For this reason, NCV might be used to evaluate the fastest and, healthiest fibers rather than the total nerve function (Kanaya et al., 1996). According to our results, NCV was enhanced by day 28 after operation. This finding showed that remyelination and regeneration of the nerve fiber were accelerated.

In conclusion, the present study showed that a combined treatment with EPO and ES might have increased the remyelination of rats with crushed sciatic nerves, contributing to recovery of sciatic nerve function.

*The present research was financially supported by the Neuroscience Research Center of the Tabriz University of Medical Sciences, Tabriz, Iran*.

**Conflicts of interest:** *None declared.*

**Plagiarism check:** *This paper was screened twice using CrossCheck to verify originality before publication.*

**Peer review:** *This paper was double-blinded and stringently reviewed by international expert reviewers.*

Copyedited by Li CH, Song LP, Zhao M

[^1]: **Author contributions:** *OB designed this study and performed all experiments. PS guided the study. JA and MSZ were responsible for immunohistochemistry. MRA, HV and MF performed electrical stimulation and statistical analysis. All authors approved the final version of this paper.*
